To study the correlation between internal protein dynamics and protein functionality of bacteriorhodopsin, we have performed time-resolved quasielastic neutron scattering (QENS) experiments combined with in situ laser activation of protein function. A set of purple membrane samples with different lamellar lattice constants and, hence, different hydration levels has been examined at different time delays between the laser and neutron pulses. While the water content affected the lineshapes of QENS spectra, the laser-induced response remained constant within the accuracy of the method.
Introduction
Protein dynamics span over many decades in time and are a subject of numerous studies by various techniques, as the relationship between protein internal motions and function remains in the focus of major interest. [1] [2] [3] [4] Although the importance of dynamical effects has been questioned, 5 the search for functional-dynamical correlation has resulted in examples, which demonstrated that specific molecular motions and biological activity were concurrently suppressed or ceased because of temperature or hydration decrease.
6-9
A seven-helix membrane protein bacteriorhodopsin (BR) is the best-studied light-driven proton pump 10, 11 and, therefore, a convenient model system to investigate the interplay of functional and thermal motions of the protein and its environment. Moreover, the research in this field is stimulated by potential usage of BR in optoelectronics and in sensor applications. 12 For example, it was observed that the conformational rearrangements in BR and its flexibility enhance the efficiency of photoconductance.
13
Absorption of a light quantum by the retinal triggers a cascade of well-defined proteinchromophore conformations or intermediates with lifetimes in various time domains. 10, 14 The accurately described proton-exchange steps between the key residues after the photoisomer-ization of the retinal are accompanied by structural rearrangements in BR, which have been examined by a variety of neutron, X-ray and electron diffraction experiments and high-speed atomic force microscopy. [15] [16] [17] [18] [19] [20] The most pronounced changes in helical tilts are observed during the M intermediate, which is widely accepted to be the key step for vectorial proton transport.
10
Quasielastic neutron scattering (QENS) 21, 22 has also delivered results on function-dynamic correlation in BR. 23, 24 Being extremely sensitive to ubiquitous in biological system hydrogen atoms, QENS probes stochastic motions on the picosecond-nanosecond time scale and has an advantage of obtaining both spatial and time characteristics of the processes simultaneously.
For instance, it was determined that the suppression of diffusive protein motions in BR and cessation of the proton transport occur together below 230 K and at hydration levels lower than 70% relative humidity (r.h.). 25 Except varying external parameters, it became possible to directly observe modulated protein picosecond dynamics during the BR photocycle by applying a novel type of the laser-neutron pump-probe experiment. 26, 27 Thus, a temporary increase in protein flexibility was demonstrated to occur in the M intermediate. However, due to the technical limitations the analysis had to be carried out for averaged over all detectors spectra, or to put it differently, the spatial information was traded for better statistics.
This fact determined the aim of the following study, where the spectra were analyzed in the whole experimentally available (E, Q)-domain. Moreover, the laser-induced response of BR was studied in samples with different hydration level.
Experimental Details Sample
Purple membrane stacks were prepared as described previously. 24 D 2 O was used to suppress the incoherent scattering from the solvent and to focus on the internal dynamics of the protein-lipid complex. In PM non-exchangeable hydrogen atoms of BR make up 75% of the total number of the protons, 25 so that the predominant part of the measured incoherent signal is due to the BR contribution. The in-plane lattice constant d were determined on the V1-membrane diffractometer of the research reactor of the Helmholtz Zentrum für Materialien und Energie (HZB, Berlin, Germany). 28 The data were collected at a wavelength of 4.53 Å.
Different lamellar lattice constants (from 62.4 to 96 Å) correspond to different amount of heavy water in the sample due to various conditions for sample equilibration.
29

QENS Experiment
The principle of a time-resolved QENS experiment has been presented in the previous publications. 26, 27 The current measurements were performed on IN5 at Institute Laue-Langevin (ILL), Grenoble, France. QENS spectra of PM samples were recorded with a time delay of t i+1 − t i = 7060 µs between individual slices (56 slices in total), the first spectrum corresponded to the time delay of 1000 µs between the laser and neutron pulses.
The sample temperature was maintained constant and equal to 297.0±0.2 K. Within the margin of error, the temperature of the illuminated samples did not differ from the temperature of the samples measured in the dark conditions. This can also be inspected by comparing their QENS-spectra ( Figure 1) . Thus, the pulse frequency of 2. 
Data Analysis
The standard data reduction of the IN5 data was performed using the LAMP 30 software package. The raw data were corrected for empty cell contribution, sample geometry-dependent self-attenuation and detector efficiency, converted to energy scale and finally binned into several Q-groups with ∆Q = 0.2 Å −1 to ensure adequate data statistics.
The simultaneous fitting of all slices was performed for the whole accessible (E, Q)-space in a program module 31 based on the MPfit procedure. 32 This approach has a statistical advantage over the analysis of individual Q-groups, which was applied only as a preliminary step to determine possible theoretical scattering functions describing the studied system.
The program module 31 was updated to perform automatic fits of all 56 spectra measured with different time delays (t 1 = 1000 µs, t i+1 − t i = 7060 µs) after the laser excitation.
The origin of the QENS broadening in proteins is structural fluctuations occurring irrespective of the nature of the solvent and solvent-plasticized motions of side-chains, 7 which lead to a broad and continuous distribution of linewidths. Moreover, in the case of a membrane protein one has to deal with the coupled protein/lipid and solvent dynamics. 33 Nevertheless, in terms of the phenomenological approach, a satisfactory fit of the PM data usually requires only a delta function and two quasielastic components in the quasielastic dynamical range:
where L(E, Γ i ) are the Lorentzian components with the half width at half maximum (HWHM) 
where S conf (Q, E) is the dynamic structure factor related to the confined dynamics of flexible side chains in PM. In order to utilize all the advantages of the simultaneous analysis in the two-dimensional space (Q, E), the total number of free parameters should be reduced and the Q-dependent terms in eq 2 should have explicit analytical expressions. There are several general models applicable for describing localized stochastic motions in biological macromolecules: rotational diffusion, diffusion in a sphere 21, 34 or Gaussian model. 35 The background contribution can be approximated by a quadratic dependence (bk(Q) = b + kQ 2 ) irrespective of the model chosen for S conf (Q, E). After the χ 2 -values of the fits with the different model functions had been compared, we decided in favour of the continuous rotation diffusion model for our further analysis:
where j k (x) is the k-th order spherical Bessel function. R and τ R denote the radius of the sphere and the relaxation time for rotation, respectively. These parameters have the meaning of the averaged values, because it is an evident simplification to characterize all the variety of internal motions in the system with a few independent variables. The first five terms of the infinite series in eq 3 were used for calculations, because the higher order terms converge quickly to zero in the explored Q-range. The typical results of the 2D-fitting procedure are displayed in Figure At this point it is necessary to mention that any laser-induced effects are less pronounced than the differences in the fit parameters caused by variations in hydration level of different samples, which were at our disposal. Therefore, we decided not to sum up all the QENS spectra, but instead to analyse them separately and to compare only the deviations of the key parameters after laser excitation. Because the scatter of the fit parameters from slice to slice turned out to be significantly larger than the standard 1-sigma value derived from the covariance matrix during the minimisation procedure of an individual slice, all the errors presented here were calculated as 2σ, where σ is the standard deviation of corresponding parameters over slices 10-56, or for time delays larger than 71 ms.
Results and Discussion
The analysis of the individual slices showed that some of the adjustable parameters in eq 4 did not exhibit any statistically significant deviation on the timescale of the photocycle in PM. The relaxation time for rotation ranged from 2.3 ps to 3.5 ps depending on the d-spacing 
As can be seen from eq 5, p mob and R are intertwined. In other words, any significant increase in p mob may be compensated by a corresponding decrease in R. In order to avoid ambiguity in interpreting results, we fixed R to its average value over all slices, especially since the R-deviations were both positive and negative with a higher degree of scattering.
Finally, on the last step of fitting, only p mob remained variable. Additionally, since p mob can be considered as an additive parameter, this choice simplifies the analysis of the fit results.
In this case it is more justified to compare laser induced deviations ∆p mob evaluated for the samples with different hydration level. Figure 5 depicts this parameter calculated the first spectra of all the samples after the laser excitation (∆τ = 1000 µs). Unfortunately, due to the averaged =1000 s To answer this question unambiguously more time delays up to 5 ms have to be considered, since the temperature relaxation half-decay time is an order of magnitude larger compared to the photocycle length and, thus, the contributions can be discriminated. Moreover, the results of the recent time-resolved wide-angle X-ray scattering study demonstrated significant motions of helices already within 22 µs of photoactivation, prior to the primary proton transfer event. 18 This highlights the necessity to perform a more careful investigation for other time delays with QENS. However, this is the subject of the upcoming publication.
Conclusion
The results presented above demonstrate that time-resolved QENS can be a potentially successful technique for studying protein dynamics and unraveling structure-dynamics-function correlations in photosynthesis research. Performed on samples with different hydration level, the study, however, discloses the existing sensitivity problems of the laser-neutron pumpprobe experiment, which requires significantly longer measurements runs to obtain sufficient statistics. Moreover, it has been shown that an exceptional care should be taken to avoid/minimize effects related to the energy dissipation through the sample environment in the time range relevant for the protein function. The next time-resolved QENS study with a more detailed time resolution during the course of the photocycle will demonstrate a more complete picture of the transient modulation of picosecond dynamics in BR.
